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The dynamics of spatially structured populations are critically dependent upon migration rates at different spatial scales (Harrison 1991 , Harrison and Taylor 1997 , Stacey et al. 1997 . Somewhat simplifying, the relative importance of metapopulation-level dynamics compared to dynamics at the level of the local population (sensu Hanski and Simberloff 1997 ) is likely to be a function of the rate of movement between habitat patches and local populations. If long-distance movements are very frequent, the entire metapopulation will function as a single ''patchy population'', where habitat patches only represent temporary aggregates of individuals. At the other extreme, if movements between habitat patches are uncommon, the dynamics of local populations are likely to be more or less uncoupled from each other. It is inevitable that spatially explicit population models include assumptions about the level of migration at different spatial scales (e.g. Hanski 1994 , Hanski and Thomas 1994 , Gyllenberg et al. 1997 ), yet the empirical basis for these assumptions is often very limited.
Many recent models of spatially structured insect populations are built on the assumption that the probability of an individual moving between habitat patches decreases exponentially with distance (e.g. Harrison et al. 1988 , Hanski 1994 , Hanski and Thomas 1994 , Wahlberg et al. 1996 . This assumption needs to be tested with empirical data (Thomas and Hanski 1997) . Unfortunately, detailed data on movement patterns within spatially structured insect populations is available only for relatively few species, mostly butterflies (e.g. Baguette and Nève 1994 , Hill et al. 1996 , Kuussaari et al. 1996 , Nève et al. 1996 , Sutcliffe et al. 1997 , Brommer and Fred 1999 ; but see also Whitlock 1992 , Matter 1996 , Nilsson 1997a .
In this paper, I report on movement patterns in a set of dung beetle species in the genus Aphodius. All these species co-occur in cattle droppings, hence their habitat is distinctly structured at two spatial scales: the primary resource (dung) is divided into discrete units (droppings) , and the droppings occur within well-defined habitat patches (pastures). Little is known about dung beetle movements at either scale (but see Hanski 1980a, b, c, d, Otronen and Hanski 1983) . I have used a dual approach in this study: First, I have obtained an indirect estimate of dung beetle movements by measuring the density of dispersing beetles at different distances from natural populations. Second, I have studied the movements of a large number of marked dung beetles in a set of artificial cattle pastures. My aims are 1) to describe the movement patterns of Aphodius beetles by fitting two frequently used simple models to the data, the exponential model (Frampton et al. 1942 ) and the power function model (Gregory 1968) , and 2) to identify ecological factors that explain interspecific differences in movement patterns. Finally, I consider what the observed patterns tell us about the spatial population structure of dung beetles.
Material and methods

Dung beetle ecology
In Northern Europe, beetles in the genus Aphodius (Aphodiinae, Scarabaeidae) dominate the communities of coprophagous (dung-feeding) beetles, both in numbers and in biomass (Hanski 1987, Hanski and Cambefort 1991) . Aphodius is a huge genus of worldwide ecological importance: more than 1000 Aphodius species have been described so far (Balthasar 1963) . Some 130 species occur in Europe (Balthasar 1963) , and 36 Aphodius species have been found in Finland (Silfverberg 1992; the nomenclature of Silfverberg is used throughout this paper).
The ecology of North European Aphodius is well known; general accounts are given by White (1960) , Landin (1961 ), Holter (1982 , Hanski (1986 Hanski ( , 1991 , and Gittings and Giller (1997) . As a group, Aphodius share several ecological characteristics, which are likely to result in similarities in their movement patterns. Most species are coprophages and/or saprophages, mainly feeding and breeding in the dung of large herbivores. The majority of North European Aphodius are endocoprid: both adults and their larvae live inside droppings (Hanski 1991) . Cattle dung is an important resource for the modern dung beetle fauna, and has probably been so for a long time, as cattle was domesticated in central Europe ca 8000 BP (Garner 1944 , Hanski 1986 ). Individual cattle dung pats provide quite ephemeral resource patches for dung beetles (Hanski 1990) . Thus, dung beetles as a group are likely to be mobile organisms with well-developed senses to search for the resource patches.
There are also important ecological differences among the species. The Finnish species range in size from 3 to 13 mm . Some species show a distinct preference for dung pats of a certain age and consistence, whereas others occur at several stages of dung pat succession Koskela 1977, Gittings 1994) . One group of species is strictly specialized on cattle dung, whereas other species will also breed or feed on other kinds of rotting plant material (White 1960 , Landin 1961 , Gittings and Giller 1997 . Moreover, the habitat preferences of the species differ: some Aphodius are most abundant in open pastures, whereas others prefer shady forest habitats (Rainio 1966 , Roslin 1999 . A major aim of this work is to study how the range of ecological characteristics found in Aphodius is reflected in their movement patterns and spatial population structures.
Trap-lines outside pastures
My first approach to measure dung beetle movement was to place baited pitfall traps at fixed distances outside natural pastures in the A , land islands (SW Finland). Each trap consisted of a tinplate funnel with an upper diameter of 35 cm, a lower diameter of 4 cm, and a depth of 25 cm. The funnel was buried in the ground to its upper brim. A cow pat of standard size (ca 2 kg fresh weight) was placed on a metal grid (mesh size 2.5 cm) on top of the funnel. The bait-pats were made of thoroughly mixed fresh cow dung collected in a cow barn. Beetles attracted by the bait fell into a 1-litre plastic bottle half-filled with a saturated saline solution.
The six pastures selected for this study were isolated from all other grazed areas by a distance of more than 2 km within a sector of at least 180°. All six pastures were surrounded by similar open landscapes. Outside each pasture, there were six traps. One trap was placed 1 m outside the fence of the pasture. The other five traps were placed at distances of 50, 100, 200, 400 and 800 m from the pasture, respectively. The largest distance (800 m) corresponds to the mean distance between neighbouring Finnish cattle farms (mean 0.84 km, SE 0.93, median 0.60; values calculated from an almost complete data base of all 49663 Finnish cattle farms; Anonymous 1996).
The ''trap-lines'' were not exactly straight lines, as only the distance from the pasture was determined in advance. The exact location of each trap was randomized within the sector which I knew to be free from neighbouring pastures. I did this in order to reduce the effect of any trends in wind direction, and/or interactions between the traps. All traps were placed in identical microhabitats: ditch-banks of cultivated fields with a low vegetation consisting mainly of grasses. The traps were run for the full grazing season of 1995, with a short break in July and early August (Table 1) . The baits were changed and the beetle catch collected every two weeks (henceforth referred to as a ''trapping period'').
Mark, release and recapture
Experimental design: traps and study area Mark, release and recapture studies (MRR studies in short) on dung beetles are associated with considerable practical difficulties. Any natural pasture is likely to contain hundreds or thousands of cow pats, and every pat may contain thousands of insect individuals representing tens of different species (Hanski 1987) . Hence, marked individuals are easily lost in an immense pool of unmarked insects, which renders it virtually impossible to conduct MRR studies in a fully natural setting. For these reasons, I decided to study the movements of marked dung beetles in an artificial system of dung pats placed above pitfall traps (see above for trap description).
In order to reduce the local pool of unmarked dung beetles, I chose the study area to be maximally isolated from any natural cattle pastures. Two other criteria were also considered. Firstly, to minimize the effects of habitat discontinuities on the movements of marked beetles, I chose a tract of homogeneous, open habitat. Secondly, the habitat had to resemble a cow pasture. These criteria were fulfilled by the grassland next to the runway of the Hanko airport -a small infrequently used rural airstrip on the south coast of Finland. The vegetation in this area is cut several times per summer to keep the area open, and most of the plant species are typical of grazed areas.
Marking procedure
The dung beetles to be marked and released were collected on pastures located within 50 km from the study site. I gathered large numbers of cow pats, and sank them in buckets of water. As soon as water entered the air-filled cavities of the pats, most dung beetles rapidly rose to the surface. They were immediately collected and put in ventilated plastic boxes with moist pieces of paper.
The beetles were marked by a code consisting of two small holes in different positions on the elytrae (cf. Unruh and Chauvin 1993, Nilsson 1997a, b) . All beetles to be released at the same site on the same day were given identical codes. The holes were made with the tip of the thinnest available insect pin, and could only be seen under a microscope with a magnification of 6-12×. Immediately after marking, the beetles were transferred to a bucket with a few centimetres of turfsand mixture and 1 litre of fresh cow dung. Buckets with marked beetles were kept outdoors until the beetles were released. All releases were made after eight o'clock in the evening, when the majority of dung beetles have ended their daily activity (Koskela 1979) . The whole ''release pat'' -i.e. the dung pat containing the marked beetles -was carefully lifted out of the bucket and left intact on top of a mound of turf-sand mixture. No beetles were seen to fly off immediately after the release. Pilot study In order to get a rough estimate of the distances over which dung beetles may move, I first conducted a pilot study. Thirty-six pitfall traps were distributed in the study area in groups of three. These trap triplets were separated from each other by distances of 50 -500 m. On 18 July 1996, marked beetles (Table 2) were released in similar numbers in the centre of each trap triplet, and two traps per triplet were baited with fresh cow dung. The third trap in each triplet was baited on 22 July, and the beetles caught so far were collected. On 23 July, the older baits were changed. The experiment was terminated and the beetles collected on 26 July.
Main study
In the following year, the 36 traps were distributed as three small ''pastures'' separated from each other by a distance of 300 m ( Fig. 1) . From 24 May to 11 June, marked beetles were released once a week in similar numbers in the middle of each field. In total, 3207 individuals belonging to 12 Aphodius species were marked and released (Table 2) . Within species, I released approximately equal numbers of males and females. The bait of each trap was changed every four days, and at the same time I collected any beetles caught in the bottle underneath it. As the formation of a thick crust over the dung baits seems to interfere with their attractive power, I peeled the baits with a sharp knife two days after changing them. Although most of the beetles landing on the bait fell into the trap (see Results), I found some individuals in the baits during the first trapping periods. Starting on 31 May, when I changed the baits, I sank the old baits in water and extracted any dung beetles inside them.
In order to capture marked individuals that flew out of the study area, I placed four groups, consisting of 6-7 natural-sized cow pats each, at a distance of just over one km from the experimental pastures (Fig. 1 ).
These pats were changed every 4 -5 d, and the old pats were sunk in a bucket of water to extract beetles.
The whole experiment was terminated on 18 June, and the release pats were carefully examined for remaining beetles. All Aphodius caught were later checked for markings under the microscope. To measure the time that marked beetles had spent in their release pat, I calculated the time elapsed between release and recapture (or the ''stay-time'', for short). Only individuals released during the first week of the experiment (on 24 and 30 May) were included in these calculations, to avoid any bias in stay-times introduced by the termination of the experiment.
Hypotheses and statistical models
Distribution of mo6ement distances
An exponential function has frequently been used to describe the distribution of dispersal distances in empirical data sets (e.g. Kiyosawa and Shiyomi 1972, Nieminen 1996) . Here, the number of dispersers (u) encountered at a certain distance d from the source population is given by Fig. 1 . Design of the main MRR study. Solid circles represent individual traps, arranged as three artificial ''pastures''. Open circles portray groups of 6 -7 cow pats, which were used to capture marked individuals outside the experimental area. Marked dung beetles were released in the centre of each ''pasture'' (shown by a cross).
where c and a are constants. Nevertheless, the exponential function seems to underestimate the probability of long-range movement in many species (cf. Dobzhansky and Wright 1943 , Taylor 1978 , Howe and Westley 1986 , Harrison 1989 , Johnson and Gaines 1990 , Hill et al. 1996 . For such organisms, a power function may provide a more accurate simple description of the distribution of dispersal distances (Fitt et al. 1987 , Ferrandino 1993 . In this case, the number of dispersers (u) encountered at distance d is given by
where a and b are constants. Both the exponential and the power function were fitted to the data from the trap-lines. I first split the material into two species groups, which were treated separately: pasture specialist species, which only feed and breed on cattle dung in pastures, and non-specialist species, which may utilise alternative resources and habitats (see Appendix A). In pasture specialists, the density of individuals trapped at different distances from the pasture will accurately reflect the distribution of dispersal distances; in non-specialists, an unknown proportion of trapped individuals originates from other sources in the surrounding landscape. Models were fitted to data on the latter group to describe gradients in population density between the pasture and the surrounding landscape.
To estimate the descriptive power and the parameters of Eq. 1 and Eq. 2 above, I fitted two ANCOVA models to the natural logarithm of the number of individuals (ln u) at different distances (km) from the source population. Both ANCOVA models included the replicate pastures as block effects. In the first model (''MODEL 1''), I entered the untransformed distance d as a covariate: this model is similar to the exponential model described above. In the second model (''MODEL 2''), I entered the natural logarithm of the distance, ln d -this model is equivalent to the power model. As ln 0 is not defined, only species found in all traps were included in the analysis. One pasture specialist (A. pusillus) and five non-specialists (A. ater, A. depressus, A. fimetarius, A. prodromus, and A. rufipes) fulfilled this criterion. For non-specialists, species identity was included in the ANCOVA models as a fixed effect.
Determinants of mo6ement patterns
Data from the MRR study were used to test for interspecific and sex-related differences in movement patterns. I built a saturated logistic regression model of the proportion of recaptured individuals which had moved between pastures as a function of species (dummy coded) and sex (nested under species). The significance of each term was determined by the difference in deviance between a logistic regression model with and without it, tested against a x 2 distribution with appropriate degrees of freedom (Hosmer and Lemeshow 1989) .
To explain any interspecific differences, I then addressed three explicit hypotheses. Firstly, the flight of large species is probably less constrained by unfavourable weather conditions and energy costs than is the flight of small species (Roff 1977 , Koskela 1979 , Hanski 1980d , Otronen and Hanski 1983 , Nieminen 1996 . As a consequence, large species are probably characterized by longer periods of flight -and movements over longer distances -than small species. Secondly, a species' degree of specialization on cattle dung and open pasture habitats (as defined in Appendix A) is likely to influence its movement patterns. Specialist species cannot find suitable resources as easily as generalists. This may have two consequences: specialist species could evolve to be stronger flyers, and/or they may simply transfer more efficiently between pastures as they are not attracted by alternative resource patches along the way. Finally, species should evolve to be better dispersers the more short-lived their primary resource (Southwood 1962 , Nieminen et al. 1999 . Thus, dung beetle species which prefer distinct, short phases of dung pat succession are likely to be more mobile than species with a broader successional occurrence (Hanski 1980c, d) .
To test these hypotheses, I built another logistic regression model of the proportion of recaptured individuals which had moved between pastures. The full model included a species weight (mean dry weight for ten males and ten females), its degree of specialization (see Appendix A), and its successional niche width (as defined by Hanski and Koskela 1977) . The significance of each term was determined by the difference in deviance between the full model and a model without it, tested against a x 2 distribution with one degree of freedom (Hosmer and Lemeshow 1989) .
Results
The catch efficiency of the traps used in this study was high. On a warm day during the main MRR experiment, I sat next to a newly baited trap, and followed 25 dung beetle individuals (all of them A. depressus or A. fimetarius) approaching the bait. On landing, 19 individuals (76%) bounced against the bait and fell into the trap. Six individuals either landed in the grass next to the trap, or landed on the bait and managed to bury into it. It seems likely that a large proportion of the individuals first landing in the grass later reapproached the trap, and that individuals entering the bait buried through it and fell into the trap. Thus, the majority of beetles were caught in the first trap that they entered, and movements from one trap to the next were probably infrequent.
Trap-line results
individuals representing 18
Aphodius species were caught in the trap-lines outside the pastures. In most species, a vast majority of individuals were caught during some particular trapping period of two weeks (Table 1) . One of the replicate pastures clearly differed from the rest. Here, the density of most Aphodius species actually increased with the distance from the fence. This deviant pattern was probably caused by the presence of some undiscovered pasture in the vicinity of the focal pasture. All data from this replicate were omitted from the subsequent analyses.
Distribution of mo6ement distances in A. pusillus
The distribution of dispersal distances in A. pusillus was better described by the power function model (MODEL 2) than by the exponential model (MODEL 1). MODEL 2 accounted for 78% of the total variation in the natural logarithm of the number of dispersers (ln u) per trap, compared to 64% for MODEL 1 (Table 3) . The difference in the fit of the models is also evident by a threefold difference in the F-ratios associated with the distance term in the respective models (Table 3) . The relationship between the residuals for MODEL 1 and distance was curvilinear ( Fig. 2A) , but for MODEL 2, the residuals were normally distributed (Fig. 2B) . Thus, more individuals moved very long or very short distances than predicted by the exponential function, but the distribution of dispersal distances was satisfactorily approximated by the power function. Qualitatively, both ANCOVA models gave the same results (Table 3 ). The total number of dispersers differed between the pastures, as indicated by a significant main effect of pasture. Nevertheless, neither model did resolve any differences in the movement patterns outside pastures: the interaction between pasture and distance was far from significant. The regression coefficients for d and ln d were therefore estimated from a model which included the main effects only. The estimates (substituted into eq. 1 and 2 above) were u= ce
Since the constants c and a are measures of source strength, they are of interest only if sets of data within one experiment are compared (Fitt et al. 1987) ; therefore, only values of a and b are reported here. The associated standard errors were 0.63 and 0.06, respectively. The distinct difference in the shape of the two curves is shown by Fig. 3 . Males and females had similar distributions of dispersal distances, as was evident from visual plots of sex ratio against distance (data not shown). However, individuals had been sexed only for a subset of the data, collected between 25 May and 5 July.
Density gradients in non-specialists
For the five Aphodius species not specializing on pastures, ANCOVA MODEL 2 again provided a better fit to the data than MODEL 1 (R 2 = 0.78 and 0.70, respectively). Qualitatively, both analyses gave the same results. There were considerable differences in the density of dung beetles outside replicate pastures, and in the mean abundance of different species (Table 4 , main effects of pasture and species). Nevertheless, the relative dominance of species varied between pastures (Table 4 ; interaction between species and pasture). Overall, there was a pronounced decline in the density of dung beetles with increasing distance from the pasture ( Table 4 , main effect of distance), but the slope of the gradient differed between species (Table 4, the species-by-distance interaction). This significant interaction was caused by one particular species, A. prodromus, which was virtually unaffected by distance (Fig. 4) . In the other four species, the decrease in density with increasing distance was almost as steep as in the specialist A. pusillus (Fig. 4) .
MRR results
When the main MRR experiment was terminated, 98% of the marked individuals had left their pat of release. All 56 beetles staying in their release pats were excluded from the analyses (and from Table 2), as given more time, they might still have dispersed. Among the individuals which did leave their pat, the median stay-time was shortest in A. pusillus (7 d) and longest in A. erraticus and A. ater (12 d). These two groups of species differed significantly from each other, but not from five other species included in the analysis (Fig. 5) . Within species, I detected no significant differences between males and females (Mann-Whitney U-test, P\ 0.4 for relevant intraspecific comparisons).
Overall, the recapture rate was satisfactory both in the pilot study and in the main experiment (Table 2 ). In the latter, a total of 608 individuals (19%) were recaptured after release. The vast majority (73%) of recaptured individuals were found within their pasture of release, and only a few individuals (3%) were observed to have moved between the two pastures at the opposite ends of the experimental area. One percent of the recaptured individuals were found in the dung pats located at approximately 1 km from the experimental pastures. However, there were large interspecific differences in the fraction of individuals moving between the pastures (Table 2 ; logistic regression, x 2 = 70.0, df =8, PB 0.001). Within species, males and females did not differ significantly from each other (x 2 = 12.4, df =9, P =0.19).
Determinants of mo6ement patterns
Across species, the proportion of recaptured individuals which had moved between the experimental pastures was significantly greater the larger the species, the more highly specialized on cow dung and cattle pastures, and the narrower its niche width along the successional dimension (Table 5) . However, the proportion of released individuals that were recaptured during the experiment also increased with a species' degree of specialization ( Fig. 6 ; logistic regression, x 2 = 171.8, df= 1, PB 0.001). This suggests that the interspecific Table 4 . Analysis of covariance table for the effects of pasture (block effect), species identity (fixed effect), and distance from the source population (covariate) on the natural logarithm of the denisty of dispersers (ln u) in five non-specialist species. Only the results for the better-fitting MODEL 2 (the power model) are shown. relationship between the degree of specialization and the rate of movements between pastures is best explained by interspecific variation in the strength of attraction to pasture habitats: the more specialized the species, the smaller the probability of an individual being lost in the matrix habitat outside pastures.
Discussion
Cattle dung is an important resource for most North European Aphodius (Hanski 1986) . It is also a prime example of a patchily distributed and ephemeral resource (Hanski 1990) . As similar resource use is likely to result in similarities in the movement behaviour of species, all Aphodius beetles are likely to be mobile organisms, efficient in tracking the occurrence of dung pats in space. However, in the present study, I found considerable variation in the movement patterns of different species. This calls for a refinement of any sweeping generalizations about dung beetles as a group, before we can predict the dynamics of real, spatially structured dung beetle populations. The key questions to address include: How often do dung beetles move between dung pats? How are movement distances distributed? Do species differ in their mobility, and what types of spatial population structures may result?
Rates of transfer
In this study, I observed dung beetles moving between two dung pats. The second pat was always a trap where the beetle was killed. To use such data for inference at the population level, we need one important piece of information -the number of moves an individual will make during its lifetime. The current data allow for a rough estimate. Results from the trap-lines suggest that the actively dispersing stage for most Finnish species is short. In more than half of the species, over 90% of the individuals were caught during a time period of two weeks (Table 1) . On the other hand, each individual spends a relatively long time per pat. In the MRR studies, the median stay-time per pat varied between 7 and 12 d in different species (Fig. 5) . We may thus conclude that a Finnish dung beetle is likely to change pat only a few times during its life. As a consequence, data on individual dispersal events between two pats will actually be similar to data on lifetime dispersal.
Distribution of movement distances
This study provides the first description of movement distances in Aphodius dung beetles. Two parameterized models describe the scale over which dung beetle populations are likely to interact in real landscapes. Qualitatively, the exponential function gave the right general The close fit of the power function model to both the current and other data sets is an encouraging result. It suggests that this model could sometimes generate more accurate predictions of insect movement than the widely adopted exponential model (cf. Hill et al. 1996 ). Yet, the approach here has been merely descriptive, and we should still identify the processes which generate the difference in model fit.
The exponential model builds on some simplifying assumptions. Mechanistically, an exponential distribution will follow if individuals move away from the starting point in a straight line at a constant speed and settle with a constant probability in unit time. This model thus assumes that all individuals are equal, that they move according to very elementary rules, and, as a consequence, that their movement behaviour is not modified by the structure of the landscape through which they move. In many insects, these assumptions pattern of many short-distance movements and few long-distance movements. However, it did not provide an unbiased description of dung beetle movements. In the trap-lines outside pastures, more individuals moved very short or very long distances than was predicted by the exponential function. As a consequence, the distribution of movement distances was leptokurtic compared to the exponential distribution, and more closely approximated by the ''fat-tailed'' power function. Similar results have earlier been obtained by Hill et al. (1996) , working on the butterfly Hesperia comma. In that species, the power function provided an almost perfect description of the distribution of dispersal distances (R 2 =0.98). Table 5 . Logistic regression model of the effects of a species' characteristics on the proportion of recaptured individuals which had moved between pastures. WEIGHT is the natural logarithm of a species' weight (mean dry weight for ten males and ten females), SPECIALIZATION reflects a species' specialization on pasture habitats and cattle dung (as described in Appendix A) and SUCCESSION is a species' niche width along the successional dimension, as defined by Hanski and Koskela (1977) . Koskela and Hanski (1977: Appendix 1) . The missing value for A. erraticus was replaced by an estimate of 0.15, as the species only occurs in fresh dung (pers. obs., Gittings 1994) . OIKOS 91:2 (2000) may be violated. A more leptokurtic distribution will result if, for instance, some individuals in the population are more dispersive than others (Thomas and Hanski 1997) , or if the species is actively searching for its resource (Bell 1991) .
For dung beetles, active search behaviour seems plausible. Insects depending on an ephemeral resource are likely to have well-developed senses, and to locate their resource from some distance (K. Donner and B. Hansson pers. comm.). In such species, the exact distribution of dispersal distances will ultimately depend on landscape configuration, as isolated resource patches may attract individuals from a large area. Future work should thus be aimed at developing more mechanistic models of dung beetle dispersal (O'Hara and Roslin unpubl.).
Within existing metapopulation systems, the exact distribution of dispersal distances may be of secondary importance, because the dynamics are dominated by relatively short-distance movements (Hanski 1999) . In contrast, the precise shape of the distribution is critical in studies of population spread to previously unoccupied regions (Kot et al. 1996 , Clark et al. 1998 , Turchin 1998 . If the tail of the distribution is exponentially bounded, the organism spreads as a wave, and the asymptotic rate of spread is constant. If the tail of the dispersal kernel is ''fatter'' than the tail of the exponential function, the species can spread in bounds and leaps. As population pockets are established ahead of the advancing wavefront, mosaic patterns of genetic variation can emerge Hewitt 1994, Ibrahim et al. 1996) and the speed of population spread may continuously accelerate (Mollison 1977 , Kot et al. 1996 , Lewis 1997 , Clark et al. 1998 , Turchin 1998 . Nevertheless, the observed distribution of movement distances should not uncritically be interpreted as a colonization probability function. If the odds of successful colonization depends on, say, propagule size, this could modify the shape of the colonization function. This aspect can only be clarified through further experiments.
Spatial population structures
The habitat of dung beetles consists of patches at two different scales: individual dung pats and cattle pastures. This study demonstrates that dung beetles occurring in dung pats within the same pasture form a ''patchy'' population (Harrison 1991, Harrison and Taylor 1997) ; in the MRR studies, virtually all individuals left the release pat to enter a new dung pat. Movements between pastures were less frequent: in all species, only a minority of the recaptured individuals moved between pastures. However, there were considerable interspecific differences in the migration rate. Individuals moved more frequently between pastures in species specializing on this habitat than in non-specialist species. The discreteness of local population entities within pastures will thus vary considerably between species.
In the non-specialist species, individuals in a particular pasture represent part of larger populations in the surrounding landscape. Nevertheless, even in these species, population densities within pastures were often much higher than in the surrounding landscape. Pastures will thus form high-productive areas in agricultural landscapes, and there is probably a directional flux of dung beetle individuals from pastures to surrounding habitats.
In the pasture specialist species, populations are, by definition, confined to pastures. The discreteness of such local populations may nonetheless depend on the size and degree of specialization of the species. Three highly specialized species of different sizes provide an interesting contrast. In the large species Aphodius erraticus and A. fossor, about one half and one third of the recaptured individuals, respectively, were observed to have moved between pastures in the MRR experiment. In the small species A. pusillus, over 90% of the recaptured individuals were found within the pasture of release. Even if all three species are highly specialized on the same habitat, these differences in movements are likely to translate into considerable differences in spatial population structure and dynamics. With pastures distributed as they are in the Finnish countryside, neighbouring populations of A. erraticus and A. fossor will have a considerable impact on each other's dynamics, whereas local A. pusillus populations are dynamically relatively uncoupled (Stacey et al. 1997) .
To conclude, although Aphodius beetles utilize a common resource, interspecific variation in movement patterns is likely to give rise to a mixture of different spatial population structures, as has been observed for other groups of insects (e.g. moths; Nieminen 1996, Nieminen and Hanski 1998) . In small specialist Aphodius with moderate rates of movement between pastures, there is clearly a potential for classical metapopulation dynamics (sensu Hanski and Simberloff 1997) , where local extinctions are balanced by colonization events (Roslin 1999) . This makes the increasing sparseness of the Finnish network of cattle pastures an issue of concern. For the less mobile specialist species, such as A. pusillus, the distances between pastures may be becoming too large to allow efficient recolonization following local extinctions. Indeed, with the recent decline in the density of pasture habitats, several dung beetle species have shown significant declines both in Finland (Biströ m et al. 1991 , Roslin 1999 ) and other parts of Europe (Lumaret 1990) . and in the sorting and identification of the material. Bob O'Hara and Hannu Rita gave valuable statistical advice. Financial support the Oskar O 8 flund Foundation, by Nordenski-ö ld-samfundet i Finland and by Societas Entomologica Helsingforsiensis is gratefully acknowledged. Table A .2. The SPECIALIZATION score of the species included in this study. Species are sorted in order of increasing specialization; species treated as pasture specialist (see text) are shown in bold face. The cut-off point for specialists was set above A. punctatosulcatus and A. prodromus, as they belong to the subgenus Melinopterus with saprophagous larvae (Gittings and Giller 1997 contributed approximately equally to the SPECIAL-IZATON score (Table A.1) . A species received a higher score the more abundant it was in open habitats compared to shaded habitats, and a lower score the more abundant it was under cattle-free conditions. Thus, the higher the SPECIALIZATION score, the higher is a species' level of specialization on open cattle pasture habitats.
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